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Abstract

The intestinal lymphatic system plays key roles in fluid transport, lipid absorption and immune function. Lymph flows directly from the small
intestine via a series of lymphatic vessels and nodes that converge at the superior mesenteric lymph duct. Cannulation of the mesenteric lymph
duct thus enables the collection of mesenteric lymph flowing from the intestine. Mesenteric lymph consists of a cellular fraction of immune cells
(99% lymphocytes), aqueous fraction (fluid, peptides and proteins such as cytokines and gut hormones) and lipoprotein fraction (lipids, lipophilic
molecules and apo-proteins). The mesenteric lymph duct cannulation model can therefore be used to measure the concentration and rate of
transport of a range of factors from the intestine via the lymphatic system. Changes to these factors in response to different challenges (e.g.,
diets, antigens, drugs) and in disease (e.g., inflammatory bowel disease, HIV, diabetes) can also be determined. An area of expanding interest is
the role of lymphatic transport in the absorption of orally administered lipophilic drugs and prodrugs that associate with intestinal lipid absorption
pathways. Here we describe, in detail, a mesenteric lymph duct cannulated rat model which enables evaluation of the rate and extent of lipid
and drug transport via the lymphatic system for several hours following intestinal delivery. The method is easily adaptable to the measurement of
other parameters in lymph. We provide detailed descriptions of the difficulties that may be encountered when establishing this complex surgical
method, as well as representative data from failed and successful experiments to provide instruction on how to confirm experimental success
and interpret the data obtained.

Video Link

The video component of this article can be found at http://www.jove.com/video/52389/

Introduction

Lymph flows from the small intestine via a unidirectional process that originates at single lacteals that are contained within each small intestinal
villi1. Lacteals are relatively permeable to fluid, macromolecules and cells and lymph formation thus commences with the entry of these factors
into lacteals. The initial lymph in the lacteals subsequently flows from the intestine via a network of lymphatic microvessels, collecting (afferent)
lymphatic vessels, a series of mesenteric lymph nodes and ultimately the post-nodal (efferent) lymph vessels. Within the nodes, lymph passes
through a series of medullary sinuses where exchange occurs with node resident immune cells as well as material entering the node from the
blood. All lymph flowing from the small intestine eventually converges into the efferent superior mesenteric lymph duct and subsequently the
cisterna chyli. The cisterna chyli also collects lymph draining the caudal peripheral tissues, intestinal, hepatic and lumbar regions and joins the
thoracic lymph duct together with lymph from the mediastinum and cranial parts of the body. The thoracic lymph duct empties lymph directly into
the venous system at the junction of the left internal jugular and subclavian veins. The protocol described here, which enables the collection of
lymph directly from the superior mesenteric lymph duct, thus facilitates the analysis of various factors transiting directly from the intestine to the
systemic (general) circulation via the intestinal lymphatic system.

The major physiological functions assigned to the intestinal lymphatic system are to maintain fluid balance, to facilitate lipid and lipophilic
molecule absorption, and to enable appropriate immune responses1. Tumor cells and viruses also propagate via the intestinal lymphatics2-4

and key changes occur within the lymphatics in several inflammatory and metabolic pathologies5-7. Cannulation of the mesenteric lymph duct to
collect lymph within the mesentery enables an analysis of bulk fluid flow via the intestinal lymphatics as well as quantification of the concentration
and transport rate of various cells and molecules. Changes to the concentration or transit of these factors in response to various challenges (e.g.,
diets, antigens, drugs) and in disease models (e.g., colitis, HIV, diabetes) can also be assessed. Whilst it is impossible to extensively describe
each lymph component which may be analysed and compared here, mesenteric lymph simplistically consists of aqueous, lipid and cellular
phases. Components of interest in the aqueous phase include peptides and proteins such as antigens or tolerogens8, immune messengers such
as cytokines and mast cell mediators9, and metabolic mediators such as incretins10. The cellular fraction of the post-nodal mesenteric lymph
consists almost entirely (over 99%) of lymphocytes11. Various immune cells (dendritic cells, mast cells, etc.) enter the pre-nodal mesenteric
lymphatics but remain within the node12. If the cells within afferent lymph are of interest, it is possible to collect these cells via removal of the
mesenteric lymph nodes several days before cannulation of the mesenteric lymph duct12. In this way the afferent and efferent lymph ducts are
directly connected and the lymph cells in afferent lymph pass directly into the mesenteric lymph duct. The transit and phenotype of various
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immune cells passing through the intestinal lymphatics can thus be examined. Perhaps the most common reason cited for collecting mesenteric
lymph to date, however, is to study the intestinal processing, absorption and transport of dietary lipids and lipophilic molecules10.

Following ingestion, dietary lipids are digested (for example, from triglyceride to fatty acids and monoglyceride, phospholipid to fatty acids
and lysophospholipid, and cholesterol ester to fatty acid and cholesterol, etc.) and dispersed within the intestinal lumen into small micelle and
vesicular structures via the addition of amphiphiles from bile (phospholipids, cholesterol and bile salts) and the action of pancreatic enzymes10,13.
From here they are absorbed into enterocytes. A proportion of the absorbed components are re-esterified to form triglycerides, phospholipids
and cholesterol esters within the absorptive cells (enterocytes). These re-esterified lipids are assembled from a combination of exogenously
ingested lipid components and endogenous lipid components from the secreted bile, mucosal lipid pools or the intestinal blood supply13.
From here the esterified lipids are either stored within enterocytes or assembled into intestinal lipoproteins (chylomicrons, very low density
lipoproteins (VLDL)) together with various apoproteins and other lipophilic molecules (e.g., vitamins)10,13. After exiting enterocytes, lipoproteins
are specifically transported from the intestine to the systemic circulation via the mesenteric lymphatic system as the intestinal lacteals are more
permeable to their entry than the intestinal blood capillaries. A proportion of absorbed lipid components are also transported from the intestine
to the systemic circulation via the blood capillaries and portal vein as single, non-lipoprotein associated, molecules14 . In general, however, the
portal vein transport route is only a significant player in the absorption of short and medium chain length lipids.

The collection of mesenteric lymph thus enables the assessment of the transport of lipoproteins and associated components (lipids, lipophilic
molecules, apo-proteins) from the intestine. The lipoproteins can be quantitated and characterized with the advantage that mesenteric lymph
lipoproteins, in general, are in a nascent state since they have not been extensively modified by systemic enzymes such as lipoprotein lipase15.
Whilst the mesenteric lymph cannulated rat model has perhaps historically been most extensively described for the analysis of lipid/lipoprotein
transport from the intestine, an area of expanding interest is the role of lymphatics in the transport of lipophilic drugs, prodrugs and other
xenobiotics13,16 which is the focus of the model described here. Lipophilic drugs (generally those with log P > 5 and solubility in long-chain
triglyceride > 50 mg/g although exceptions are apparent)17,18, prodrugs19 and other xenobiotics13,16 can gain access to the intestinal lymphatics
either passively or by actively integrating into intestinal lipoprotein transport pathways19.

The rat mesenteric lymph cannulation technique thus has many applications. Bollman et al. first described a technique to cannulate the
mesenteric lymph duct in rats in 194820. Since then a number of variations on the model have been described. For example, collection can
occur when the rat is anaesthetized with various anesthetics21,22, or in the conscious state whilst restrained15 or freely moving23,24. Rats can
be administered different rehydration solutions and other substances such as lipids and drug formulations at different rates into the stomach,
intestine or parenterally (typically 0 - 5 ml/hr)25. In some studies the thoracic lymph duct rather than mesenteric lymph duct is cannulated to
estimate transport from the intestine via the lymphatics although this may overestimate transit from the small intestine, depending on the factor
of interest, as the thoracic lymph duct also receives lymph from other regions22,26. Lymph cannulation models have also been described in
several other species including mice15,27, mini-pigs12, sheep28,29, pigs30 and dogs31. However, the rat model is the most widely and consistently
cited. Detailed protocols for cannulation of the mesenteric lymph duct followed by collection of lymph in conscious25 or anaesthetized22 rats and
mice15,27 have been published previously and the interested reader is directed to these protocols. This protocol is the first to demonstrate the
technique in a visualized format.

The lymph cannulated rat model has advantages over larger animal models in terms of expense, the ease of the surgery and ethical
considerations. When compared to the mouse model, mesenteric lymph cannulation surgery is also easier in the rat although the mouse model
enables more detailed studies in transgenic animals27. Nonetheless, there are some limitations of the rat model, particularly those associated
with differences in physiology, that limit extrapolation to other pre-clinical and clinical situations. For example, in the rat bile flow is constant and
independent of food intake whereas in higher species food or lipids stimulate bile flow32. This creates challenges to obtaining representative pre-
and post-prandial environments in the rat that reflect what is seen in larger species and humans. For drug delivery studies, larger species may
also be preferred when assessing lymphatic transport after the administration of realistic human dosage forms25. In a recent study, lipid transport
rates in the mesenteric lymph were found to be comparable across species (mouse, rat, dog) after administration of an equivalent mass and type
of lipid which provides some confidence in extrapolating lipid transport data across species27. However, the transport of a model lipophilic drug,
halofantrine, ranked in the order of animal size (i.e., dog > rat > mouse). A scaling factor may thus be required to extrapolate lymphatic drug
transport data from rat to other species.

A limitation of lymph cannulation models, in general, is that passive lymph collection directly from a lymphatic duct may modify lymph flow and
transport since lymph vessels work against a pressure gradient that is altered once the vessel is cannulated33. The lymph cannulation model can
also be difficult to establish in laboratories that are unfamiliar with the technique. Alternate models have thus been described. For instance, the
transit of factors via the intestinal lymphatic system, such as lipoproteins and lipophilic molecules, has been indirectly studied via collection of
blood. One such model involves comparing blood concentrations of lipids and/or drugs following oral administration in the presence and absence
of inhibitors (e.g., colchicine, Pluronic L81, cycloheximide) of intestinal lipoprotein production that block lymphatic transport34. An advantage
of models that quantify lymphatic transport indirectly via collection of blood samples is that it enables some evaluation of lymphatic transport
in humans as invasive surgery is not required35. However, inhibitors of lymphatic transport are not specific and factors that are transported via
the lymphatics are diluted and modified in the systemic circulation which complicates such assessments. In vitro alternatives have also been
described. For example, caco-2 cell or isolated enterocyte cultures have been utilized to study in more detail the intestinal secretion of molecules
that enter the lymphatics36-38. An advanced in vitro model that is more representative of the human intestinal microenvironment was also recently
described39. In this model a lymphatic endothelial cell layer is co-cultured with Caco-2 cells which enables more detailed analysis of the transfer
of substances from the intestine into the lymphatics. However, in vitro cell systems lack exchange flow and transfer ie interconnection with an
intestinal lumen and underlying blood and lymphatic vascular supply. In an alternate approach, Kassis et al. established a dual-channel (high-
speed bright-field video and fluorescence) in situ imaging system which enables quantitative comparisons between vessel contraction, lymph
flow and fluorescent lipid concentrations in mesenteric lymphatic vessels33. An advantage of this model over the aforementioned in vitro systems
is that it enables accurate tracking of the passage of immune cells through the lymphatics. Absolute measurements of mass lipid (or drug)
transport are, however, not yet established using imaging methods. In vitro and in silico approaches to specifically predict the extent of lipophilic
drug transport via the intestinal lymphatics have also been published40-42. For example, the ex vivo affinity of several compounds for plasma
chylomicrons was found to correlate reasonably well with their lymphatic transport in vivo41. Subsequently, the same group established an in
silico model to predict drug affinity for chylomicrons based on multiple physicochemical properties40. Holm et al. also established a relatively
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complex in silico model to outright predict lymphatic transport of lipophilic compounds on the basis of molecular descriptors42. These models may
provide a useful approach to predict the extent of lymphatic transport of unknown drugs. Validation of the models with a wide range of drugs and
across different labs will, however, be required to confirm their accuracy and reproducibility.

Cannulation of the mesenteric lymph duct thus remains the only means to directly examine the content of lymph draining the small intestine
and the transit rate of the complex array of factors (cells, proteins, peptides, lipids, drugs) in lymph in an in vivo situation. Herein we describe
a protocol for cannulation of the mesenteric lymph duct and carotid artery that enables the collection of mesenteric lymph and systemic blood
from anaesthetized rats. Representative data demonstrate how the model can be used to examine lipid and drug transport from the intestine
via the mesenteric lymphatic system. This is followed by a discussion of difficulties that can be encountered in establishing the model and a
troubleshooting guide. Once established the model is a powerful tool to investigate intestinal lymphatic transport.

Protocol

The studies described in this manuscript were approved by the local animal ethics committee and were conducted in accordance with the
Australian and New Zealand Council for the Care of Animals in Research and Teaching guidelines. Prior to beginning any animal procedure,
ensure that the appropriate permission is obtained through the local institution/organization. As with all animal surgeries, ensure that the surgery
is performed by appropriately trained operators, under aseptic conditions and that anesthetics, analgesics and antibiotics are administered when
required to ensure an ethical and successful outcome.

1. Preparations the Day Before the Surgical Procedure

1. Fast the rat the night before surgery if required. Ensure the rat has free access to water.
2. Prepare the solutions to be administered to the rat.

1. Prepare a rehydration solution such as sterile saline or Ringers solution.
2. Prepare anesthetic solutions as required. The anesthetic used in the experiments described here consisted of  “Cocktail 1” prepared

by combining 1.9 ml of ketamine 100 mg/ml, 0.5 ml of Xylazine 100 mg/ml, 0.2 ml of acepromazine 10 mg/ml and 2.5 ml of saline and
“Cocktail 2” consisting of 1 ml of ketamine 100 mg/ml and 0.1 ml acepromazine 10 mg/ml. NOTE: Inhaled isoflurane or sevoflurane
may be preferred as it can provide a surgical plane of anaesthesia for a longer period of time.

3. Optionally prepare a formulation containing the drug in, for example, a lipid emulsion. Perform appropriate stability studies to assure
the stability of the formulation over the period of storage and administration.
 

NOTE: The exact nature of the formulation and drug to be administered will vary with each study as the aim of lymphatic drug transport
studies is most often to evaluate the efficiency of lymphatic drug transport as a function of the formulation and drug administered.

1. The formulation utilized in the representative experiments in Figure 4 and 5 here is prepared, as described previously43. Briefly,
incorporate 14C oleic acid (2-5 µCi) and halofantrine (200 µg) into 40 mg oleic acid prior to dispersion in 5.6 ml of an aqueous
phase consisting of 5 mM sodium taurocholate in phosphate buffered saline (pH 6.9).

2. For formulations containing 2-monoolein, add 7.1 mg of 2-monoolein along with other components, to the aqueous phase at the
same time as the oleic acid phase containing halofantrine. Prepare the formulations containing 2-monoolein immediately prior to
administration to the rat as 2-monoolein is relatively unstable and isomerises to 1-monoolein.

3. Subsequently emulsify the formulations by ultrasonication for 2 min at RT.
 

NOTE: As has been described previously43, monitor the stability of the formulations by i) visual inspection of the emulsion under
polarized light to ensure that the emulsion is not phase separated, ii) particle size analysis immediately after preparation and
following dosing using dynamic light scattering to provide an indication of any phase changes and/or separation, and iii) analysis
of halofantrine concentrations using a validated HPLC assay.

3. Prepare anti-coagulant solution containing 10 mg/ml EDTA in sterile water or 10 IU/ml heparin in saline to flush the lymph cannula. Also
prepare anti-coagulant solution containing 2.5 - 10 IU/ml heparin in saline to flush the carotid artery cannula.

4. Prepare the polyethylene cannulas for insertion into the mesenteric lymph duct (0.8 mm O.D, 0.5 mm I.D.), carotid artery (0.96 mm O.D, 0.58
mm I.D. or 0.8 mm O.D, 0.5 mm I.D.) and duodenum (0.96 mm O.D, 0.58 mm I.D.)

1. Cut the cannulas to the required length (typically 25 - 30 cm for the carotid artery and duodenal cannula and 10 - 15 cm for the lymph
cannula) and place a bevel at the tip of the cannulas using a sterile surgical blade (see Figure 1).
 

NOTE: This increases the ease of cannula insertion and reduces the incidence of cannula blockage post-insertion.
2. Place a J shape anchor point in the intraduodenal cannula by looping a small portion of the cannula back on itself, heating it with a

lighter or hot plate and then cutting to size (see Figure 1).

5. Attach the lymph cannula to a 25 G needle and syringe containing an anti-coagulant solution (prepared in step 1.3). Fill the lymph cannula
with the anti-coagulant solution and leave the solution in the cannula O/N to reduce the incidence of clot formation in the lymph cannula
during lymph collection.

6. Prepare tubes for lymph and blood sample collection. Pre-weigh lymph collection tubes, label tubes for lymph and blood sample collection
and add anti-coagulant solution. Add sufficient anti-coagulant solution to achieve a final concentration of 1 mg/ml EDTA in sterile water or 10 -
20 IU/ml heparin in the collected lymph or blood.

2. Preparations Immediately Prior to Commencing the Surgical Procedure

1. Check all cannulas by flushing with sterile saline or anti-coagulant solution to ensure that they are patent.
2. Prepare the rat for the surgical procedure.

 

NOTE: The mesenteric lymph duct is more visible in rats that have eaten or been administered a dose of oil as the mesenteric lymph
becomes milky and opaque with higher lipid loading. Some operators, particularly those new to the surgery, therefore find it easier to
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cannulate the mesenteric lymph duct when rats are pre-dosed with an oil (around 0.1 - 1 ml) such as olive or soybean oil 0.5 - 2 hr prior to
commencing surgery. However, pre-dosing oil affects the lymphatic transport of lipids, lipophilic drugs and other factors in lymph such that it
may not be ideal to pre-dose oil depending on the aim of the experiment.

1. Anesthetize the rat throughout the surgery and sample collection period.
1. For example, initiate the anesthesia via subcutaneous injection of 1.5 ml/kg of Cocktail I (from step 1.2.2) into a skin fold at the

back of the rats neck using a 1 ml syringe attached to a 25 G needle. Maintain the anaesthesia via intraperitoneal injection of 
0.44 ml/kg of Cocktail 2 (from step 1.2.2) approximately each hour as required, using a 1 ml syringe attached to a 25 G needle.

2. Prior to commencing the surgery ensure that the depth of anaesthesia is sufficient by observing respiratory rate, whisker
movement, muscle tone and responses to stimuli such as pinching of foot. Administer additional anesthesia as required.

2. Shave the fur from the surgical regions, which include the right side of the abdomen for lymph and duodenum cannulation, and the
neck and left clavicle region for carotid artery cannulation.

3. Clean the surgical regions aseptically using povidine-iodine solution or chlorhexidine solution and a 70% ethanol scrub. Repeat this 3
times for each region, finishing with a final cleansing with 70% ethanol.

3. Place the animal in dorsal recumbence on a clean sheet above a heated surgical pad (37 °C).

3. Cannulation of the Mesenteric Lymph Duct

1. Place the animal with its right side facing toward the operator. Perform the surgery with or without the assistance of a surgical microscope as
required.

2. Open the top layer of the abdominal muscle wall with a straight 4 cm incision extending from the midline (xyphoid process) to the right flank
approximately 2 cm below the ribcage (costal margin) using a sterile scalpel blade (see Figure 2B).

3. Open the remaining layers of the abdominal muscle wall from 4 - 5 mm lateral to the midline to the right flank with a small pair of surgical
scissors (see Figure 2B).

4. Retract the small intestine under the left abdominal muscle wall and keep it in place using 2 - 3 pieces of sterile gauze saturated with normal
saline.

5. Bridge the rat over a 10 ml plastic syringe placed horizontally under the rat’s back at the level of right kidney to ease visualisation of the
mesenteric lymph duct.

6. Locate the superior mesenteric lymph duct: a vessel approximately 0.5 - 1 mm in diameter that is perpendicular to the right kidney and
immediately rostral and parallel to the mesenteric artery (a pulsating dark red blood vessel; see Figure 2C).
 

NOTE: In non-fasted or oil pre-dosed rats the vessel is white, opaque and easier to visualise than in fasted rats in which it is quite translucent.
7. Inspect the area immediately caudal to the large superior mesenteric lymph duct and the mesenteric artery to determine if a second, smaller

accessory lymph duct is present. If present, block the flow of lymph through the duct by severing the duct and occluding with superglue, or
tying a suture around the duct, to ensure that the entire volume of lymph flowing from the intestine is collected from the superior mesenteric
lymph duct.

8. Pass a pair of straight forceps through the peri-renal fat bed at the lower margin of the right kidney, and through the connective tissue layers
immediately below the vena cava, in a direction parallel with the superior mesenteric lymph duct.

9. Using the tip of the forceps take hold of the lymph cannula and pull it through the peri-renal fat bed with one end immediately adjacent to the
mesenteric lymph duct and the other exteriorised from the animal at the level of the right kidney.

10. Isolate the mesenteric lymph duct from overlying layers of connective and fat tissue by blunt dissection. Take care not to pierce or damage
the lymph duct.

11. After isolating the lymph duct, make a small hole in the lymph duct with either micro-scissors, the sharp tip of jeweller’s forceps or a 25 G
needle. Take care not to completely sever the vessel.

12. Ensure that the lymph cannula is completely filled with anti-coagulant solution (using a syringe and 25 G needle) with no air gaps. Insert the
lymph cannula approximately 2 - 4 mm inside the mesenteric lymph duct via the small hole with the aid of a small pair of forceps.

13. Observe the lymph cannula for a couple of minutes. Observe a gradual flow of intestinal lymph from the free collecting end of the cannula if
the cannulation is successful. If the cannulation is not successful, repeat steps 3.8 - 3.12.

14. If the cannulation is successful, secure the cannula by placing a small drop of veterinary adhesive over the entrance hole into the lymph duct.
Take care not to occlude the vessel via the application of excess veterinary adhesive.

15. Whilst waiting for the veterinary adhesive to set, observe the flow of lymph for several minutes to ensure that the cannulation procedure was
successful. Once certain of the success of the cannulation, remove the gauze pieces that were placed in the abdominal cavity carefully and
place the small intestine in its original position.

16. Place a lymph collection tube containing anti-coagulant (see step 1.6) at the end of the cannula to collect the free flowing lymph.
17. Next, cannulate the duodenum for infusion of rehydration solutions and/or formulations.

4. Cannulation of the Duodenum

1. Attach the duodenum cannula to a syringe (e.g., 10 ml) filled with the rehydration solution.
2. Identify the duodenum as the bright pink (with more blood vessels) section of the small intestine, which upon gentle downward pulling reveals

the stomach.
3. Make a small puncture hole in the duodenum approximately 2 cm below the junction of the stomach and duodenum (the pylorus) using a

sterile 23 G needle.
4. Insert the J shaped hooked end of the duodenal cannula through the puncture hole. Secure in place with a drop of cyanoacrylate glue.
5. Commence hydration of the rat by attaching the cannula to the rehydration syringe loaded in an infusion pump. According to the literature

rehydration rates range from 0.5 - 3 ml/hr15,25.
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6. After completion of the lymph and duodenum cannulation, close the incision in the abdominal muscle wall with sutures. Then close the skin
incision by applying a few drops of tissue adhesive (cyanoacrylate) along the side of the incision and pinching the skin on both sides of the
incision together.

5. Cannulation of the Carotid Artery

The carotid artery cannulation may be performed before or after the cannulation of the mesenteric lymph duct. Some operators prefer to
cannulate the carotid artery prior to cannulating the lymph duct so as to reduce potentially dislodging the lymph cannula when moving the animal.

1. Place a mark on the carotid artery cannula 2.5 cm from the bevel tip to identify the portion of the tubing to insert into the artery. Connect the
other end of the cannula (i.e., without bevel) to a 23 or 25 G needle attached to a syringe filled with anti-coagulant solution and fill the cannula
with the anti-coagulant solution making sure no air gaps are present.

2. To facilitate cannulation, place the anaesthetised rat in dorsal recumbency with the neck stretched and head pointing toward the operator.
Note that some operators prefer to perform this technique with the rat’s tail pointing toward the operator.

3. Place a 1 - 1.5 cm longitudinal incision through the skin layer above the left of the trachea in the sagittal plane.
4. Dissect the subcutaneous connective tissue using blunt tip forceps to expose the underlying paired neck muscles.
5. Retract the neck muscles to reveal the left carotid artery (located ~1 cm below the skin surface and pulsing). Clean the overlying connective

tissue from the artery by blunt dissection.
6. Isolate an ~1 cm section of the artery carefully using blunt tissue forceps, taking care not to damage the adjacent vagal nerve track. Perform

this by opening and closing the blunt tip forceps vertically along either side of the artery to free it from the surrounding tissue and vagus
nerve.

7. Using fine tip forceps, thread two silk sutures underneath the carotid artery and place them at each end of the isolated artery section. Tie off
the suture closest to the operator and furthest from the rat’s heart and clavicle (Figure 3A).

8. Occlude blood flow through the artery by placing a pair of straight fine tip forceps underneath the artery (Figure 3B).
9. Using the fine tip iris scissors, place a small incision on the top surface of the artery (about 1/3 of the way down from the top of the isolated

area). Flush any spilled blood on the surface of the artery with heparinised saline and gently wipe using cotton tips.
10. Insert the tip of the cannula into the artery with a pair of curved tip forceps. Once inserted, remove the straight fine tip forceps occluding the

blood flow and advance the cannula 2.5 cm into the artery using two pairs of forceps, one to hold the cannula inside the artery to stop blood
from leaking back and the other to insert the cannula.

11. Use a small artery clamp to hold the cannula inside the artery and remove the straight fine tip forceps that were placed below the artery in
step 5.8 to occlude the blood flow.

12. Confirm the patency of the cannula by injecting anti-coagulant solution into the cannula and drawing back a small amount of blood (Figure
3C). Then flush the cannula with anticoagulant solution and seal the end using the flame of a lighter or a cannula plug.

13. Tie the cannula in place with the two sutures placed under the artery in step 5.8.
14. Remove the artery clamp and secure a third suture around the artery and cannula. Close the neck wound with sutures.

6. Post-surgical Period and Formulation Infusion

1. Continue to maintain the rat under anaesthesia and on the heated pad.
2. Rehydrate the rat via infusion of rehydration solution into the duodenum for at least 0.5 hr following completion of the cannulations. Observe

the lymph flow rate decrease (~0.1 - 0.5 ml/hr) during the initial period following cannulation and soon increase to a steady baseline (0.4 - 2.5
ml/hr depending on rehydration rate).

3. Following the recovery period, infuse the formulation of interest (containing lipids, drugs, etc.) into the duodenum via the cannula. Optionally,
use an infusion pump to regulate the flow rate of formulation. NOTE: In the protocol described here the animals remain anaesthetised
throughout the surgery and lymph collection period and are euthanised under anaesthesia such that additional analgesia is not required.
If the protocol is modified and  animals are enabled to regain consciousness then appropriate analgesia and post-operative care will be
required. 

4. At the completion of formulation infusion continue to rehydrate the rat at rate of 1.5-3 ml/hr with normal saline into the duodenum to prevent
dehydration.

5. Continue to keep the rat on the 37˚C heated surgical pad to maintain temperature (as per step 2.3), express urine from the bladder via gentle
downward push on the lower abdomen as required and reapply ophthalmic ointment every hour (as per step 2.2.3). Regular body position
changes are recommended if the animal is to regain consciousness after the procedure.

7. Collection of Lymph and Blood Samples to Assess Lipid and Drug Absorption

1. Collect lymph continuously into tubes containing anti-coagulant. Change tubes at the required time intervals (e.g., hourly).
2. Collect blood samples at set time points.

1. Occlude blood flow through the cannula by bending the cannula back approximately 2 cm from the sealed end. Unseal the cannula by
cutting off the sealed end or removing the cannula plug.

2. Using an empty syringe, withdraw heparinised saline from the cannula until blood fills the entire cannula.
3. Using a new empty syringe, withdraw the desired volume of blood and place in a tube containing anti-coagulant.
4. Using the first syringe, replace the blood taken before sampling to reduce unnecessary blood loss. Before injection, flick the syringe

while holding it upright to ensure that no air bubbles enter the cannula.
5. Using a syringe, replace the volume of blood removed from the rat with anti-coagulant solution. Ensure that no residual blood is visible

in the cannula as any remaining may clot and block the cannula.
6. Bend the cannula approximately 2 cm from the unsealed end to block blood flow and remove the syringe. Using the flame of a lighter or

a cannula plug, reseal the cannula.
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3. At the completion of blood and lymph collection from the rat, euthanize the rat via intraperitoneal administration of >100 mg/kg sodium
pentobarbitone.

4. Determine lymph flow rate by measuring the mass of lymph collected during each time period.
5. Measure the concentration of drug and lipid in lymph and blood using, for example, HPLC, HPLC-MS or using commercial kits, to assess lipid

and drug absorption efficiency.
6. Calculate mass transport of drug and lipids in lymph from the product of the measured concentrations and volume of lymph collected.

Representative Results

The results of a representative experiment to quantitate the cumulative extent and rate of lipid and drug transport via the lymphatic system
following intestinal delivery using the mesenteric lymph cannulation model are shown in Figure 4 and Figure 5. In this experiment, 200 µg of the
model lipophilic drug halofantrine was administered into the duodenum of rats over 2 hr in a formulation containing 40 mg oleic acid (including 2
- 5 µCi 14C-oleic acid) and 7.1 mg 2-monoolein dispersed in 5.6 ml of 5 mM sodium taurocholate in phosphate buffered saline pH 6.9. Following
formulation administration the rats were rehydrated at a rate of 2.8 ml/hr with normal saline infused into the duodenum. Lymph was collected
continuously into tubes changed each hour for 10 hr. The formulation was prepared, and the experiment performed, according to a protocol
described previously for a formulation containing all the same components except it did not include 2-monoolein43.

As shown in Figure 4, in these experimental conditions the mean lymph flow rate for successfully cannulated rats was between 0.4 - 1.3 ml/
hr. In some rats the lymph flow rate was slightly lower in the first 1 - 3 hr following cannulation and then increased. This is commonly seen
following lymph cannulation. Also shown in Figure 4 is the lymph flow rate for an unsuccessful experiment. In this case the flow rate remained
substantially lower than that seen in the successful experiments throughout the collection period. Similarly, the cumulative lymphatic transport
of triglyceride and halofantrine was substantially lower in the unsuccessful experiment (Figure 5A and B). The mean cumulative halofantrine
transport in the successful group was 15.1% of the dose, the cumulative triglyceride transport was 61 mg over 10 hr and the proportion of the
administered radiolabelled exogenous lipid dose transported in lymph was 54% (Figure 5C). These values are not significantly different to that
seen previously for a similar formulation that contained the same components except for the absence of 2-monoolein43 (Table 1). This suggests
that formulations containing fatty acids in the absence of a source of monoglyceride can support similar lipid and drug transport in lymph to those
which do contain monoglyceride. This result is described further in the discussion section.

Figure 5D shows representative data for the rate of halofantrine and triglyceride transport in lymph over time following administration. The
transport rate of both triglyceride and drug into lymph peaks a couple of hours following lipid and drug administration and then returns to baseline
levels. As is typical in intestinal lymphatic lipid and drug transport experiments, the rate of drug transport in lymph during each time period mirrors
that seen for triglyceride transport as drug is transported into lymph in association with the triglyceride-rich lipoproteins.

 

Figure 1. Diagrammatic representation of the shape of the beveled tip of a carotid artery or lymph cannula, and the J-shaped beveled
tip of a duodenal cannula.

 

Figure 2. Photographs of (A) the abdomen shaved in preparation to cannulate the lymph duct, (B) the abdominal muscle wall opened with
a straight 4 cm incision extending from the midline to the right flank to access the lymph duct, and (C) the superior mesenteric lymph duct (in
yellow circle) perpendicular to the right kidney. Please click here to view a larger version of this figure.
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Figure 3. Photographs of (A) the carotid artery isolated with two silk sutures with the one closest to the operator tied off, (B) the carotid artery
isolated and blood flow occluded with a pair of straight fine tip forceps placed underneath the artery, and (C) a carotid artery with cannula in place
and the patency being checked by drawing back a small amount of blood. Please click here to view a larger version of this figure.

 

Figure 4. Representative data for mesenteric lymph flow rate (µl/hr) over time. Rats were administered a formulation containing 200 µg
halofantrine, 40 mg oleic acid (with 2 µCi 14C-oleic acid) and 7.1 mg 2-monoolein in 5.6 ml of 5 mM sodium taurocholate in phosphate buffered
saline (pH 6.9) from 0 - 2 hr. Data shown are the mean ± SEM for n = 3 successful experiments (closed circles, ●) and n = 1 unsuccessful
outcome (open triangles, ∆).
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Figure 5. Representative data for lipid and drug transport into mesenteric lymph. Cumulative transport of (A) the model drug halofantrine
(Hf, % dose), (B) triglyceride (TG, mg) and (C) exogenous fatty acid (% dose), and the rate of transport of (D) TG (mg/hr) and Hf (% dose/hr) into
mesenteric lymph over time following administration of a formulation containing 200 µg halofantrine, 40 mg oleic acid (with 2 µCi 14C-oleic acid)
and 7.1 mg 2-monoolein in 5.6 ml of 5 mM sodium taurocholate in phosphate buffered saline (pH 6.9) from 0 - 2 hr. Data shown are the mean
± SEM for n = 4 successful experiments (closed circles, ●) and n = 1 unsuccessful outcome (open triangles, ∆). Exogenous fatty acid transport
was not measured in the unsuccessful experiment but is typically low in failed experiments. Data for the unsuccessful experiment is omitted from
Panel D for clarity. Please click here to view a larger version of this figure.

Without monoolein With 2-monolein

Mean SEM Mean SEM

Halofantrine (% dose) 15.1 0.8 15 1.6

Triglyceride (mg) 67 4 61 6

Total fatty acid (µmol) 261 16 248 23

Exogenous oleic acid
(µmol)

82 5 65 6

Endogenous fatty acid
(µmol)

180 17 183 28

Table 1. Comparison of cumulative lymphatic transport data over 10 hr following administration of 200 µg halofantrine to mesenteric
lymph duct cannulated rats in formulations containing 40 mg oleic acid (containing 1 µCi 14C-oleic acid) emulsified in 5 mM sodium
taurocholate in phosphate buffered saline (pH 6.9) with and without 7.1 mg 2-monoolein. Data represent mean ± SEM for n = 4 rats. No
statistically significant differences are seen between the 2 groups.

aIn the group dosed with 2-monoolein this is not an accurate measure of endogenous fatty acid transport as the oleic acid attached to the 2-
monoolein backbone is not accounted for in the measured exogenous oleic acid transport into lymph.

bThe data for halofantrine and total fatty acid transport in the group dosed without 2-monoolein was previously published in Figure 5 of reference
43 and is reproduced here in table format.

Discussion

The rat mesenteric lymph cannulation model enables direct quantification of the concentration and rate of transport of various cells and
molecules (such as lipids and drugs) from the intestine into the lymph and the changes to these that occur in response to challenge of various
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substances (diet, antigen, drugs, formulations, etc.)10,27 and disease (cancer, viruses, colitis, insulin resistance, etc.)5-7. The components
collected in lymph may also be further used in additional experiments. For example, cells can be cultured44, lipoproteins fractionated and lymph
or its components such as lipoproteins or cells, loaded with markers including drugs, radiolabels and fluorescent probes. These can then be re-
infused into recipient animals to more directly evaluate their function, metabolism, clearance and/or tissue disposition patterns45-47. The rat lymph
cannulation model has several advantages over the other in vitro, in situ, in silico, and in vivo models that were described in the introduction.
Most importantly, cannulation is the only method which enables direct access to the entire volume of components in lymph fluid. When performed
in the hands of an experienced operator the model is robust, reproducible and experimental success rates of >80% can be achieved. However,
the surgical technique can be difficult to initially master, particularly in a laboratory that is not familiar with the technique.

Several steps are critical to success of the mesenteric lymph cannulation model. The first is the correct choice of surgical instruments and
cannula type and preparation. Our lab uses PE cannulas with dimensions OD 0.8 x ID 0.5 mm. However, other labs have experienced success
with PVC cannulas of the same dimension15. Bevelling the tip of the cannula and pre-soaking it in an anti-coagulant also helps to prevent
occlusion of, and the formation of clots within, the cannula post-insertion (step 3.13). The first step of the surgical procedure that some operators
find particularly critical is taking care to clean the layers of connective and fat tissue above the lymph duct (step 3.10). This helps to avoid
the insertion of the cannula between the tissue and lymph duct rather than into the lymph duct. However, this cleaning step is difficult as the
lymph duct is fragile and easy to damage. For some, this step and the insertion of the cannula are most successfully completed with the aid
of a surgical microscope although others find a microscope is not necessary. When inserting the cannula into the duct the direction and depth
of insertion relative to the bevelled tip requires some consideration in order to prevent the cannula being occluded by the vessel wall (step
3.12). Each operator tends to find their own individual preference. Also important is the avoidance of air bubble formation within the cannula
during insertion as air gaps apply back pressure to the free flow of lymph (step 3.12). Finally, the application of veterinary adhesive to secure
the cannula in place should be below the point of insertion into the duct as adhesive placed directly on top of the duct can cause the vessel to
collapse and occlude the cannula tip (step 3.14).

The easiest initial guide as to whether a surgery is successful is the flow rate of lymph. Once the cannula is in place lymph generally begins
to flow slowly in the first 30 min and then increases. Typically, flow rates for successful cannulations in rats >250 g are >0.1 ml/hr in the first
hour and then increase to >0.4 ml/hr at steady state as is shown in Figure 4. Although of course this may vary depending on the experimental
condition. In terms of troubleshooting, if no lymph is flowing through the cannula or the flow rate is low this may be because:

1. the cannula was not inserted correctly into the duct
2. the cannula is in the duct but occluded by the side of the vessel wall
3. the cannula is in the duct but occluded by adhesive applied in the incorrect position
4. the cannula is in the duct and an air bubble in the cannula is slowing the flow
5. a clot has formed within the cannula

Careful inspection usually reveals the underlying factor. If the operator believes the cannula was not placed correctly in the first place (i.e., lymph
was never flowing) then re-insertion is necessary. If the cannula appears to be in the correct place then the first factor to check is whether an air
bubble or clot is present. Air bubbles will generally pass through the cannula as lymph flows and temporarily slow flow. It is sometimes possible
to remove air bubbles or clots by drawing back on the cannula using a 25 G needle attached to, for example, a 1 ml syringe. If there is no air
bubble or clot it can be useful to try re-positioning the rat and/or turning or pulling the cannula slightly. This can sometimes realign the cannula
such that it is not blocked against the vessel wall. Occasionally removing the adhesive with or without small movement of the cannula enables
the lymph to flow again also. However, if all else fails the cannula needs to be reinserted. In our experience experiments are less successful
when the cannula was not inserted correctly on the first attempt. However, surgical rescue is possible. Another complication that can arise is
difficulty in cannulation due to anatomical variance between rats. For example, the mesenteric lymph duct occasionally passes in an awkward
direction or there is an accessory lymph duct on the opposite side of the mesenteric artery to the larger superior mesenteric lymph duct. In
experiments which require collection of the entire volume of lymph flowing from the small intestine (as is the case when assessing total lipid
and drug transport from the intestine via the lymphatics), the accessory lymph duct needs to be occluded such that all lymph is directed to the
superior lymph duct. This is difficult to achieve but can be attempted by tying a suture around the accessory duct or severing the accessory
duct and occluding it with veterinary adhesive (step 3.6). The presence of an accessory lymph duct is one of the main factors that results in
experimental failure in lymphatic drug transport experiments. If the accessory vessel is not completely occluded, lymph flow and lipid and drug
transport are significantly lower than expected.

In the protocol presented here the animal remains anaesthetised throughout the lymph collection period. The anaesthetised rat model (rather
than conscious models described below) increases experimental throughput as the surgery and experiment can be conducted over one rather
than several days and the surgical success rate is greater as it is easier to maintain cannula patency in immobilized animals. Anaesthesia
can theoretically reduce gastric emptying, intestinal lipid processing and lymph flow and transport. In our experience, however, lymphatic lipid
and drug transport are similar in anaesthetised rats administered the drug directly into the duodenum (to bypass stomach emptying) within
pre-digested and pre-dispersed vehicles (e.g., fatty acid and monoglyceride micellar systems dispersed with surfactants) when compared to
conscious rats administered the drug via oral gavage into the stomach in an equivalent triglyceride21,23,27. Indeed, the majority of intestinal
lymphatic drug transport experiments in our lab in the last 10 years have been conducted in the anaesthetised model due to the higher
throughput that can be achieved. In these experiments we have most often administered drugs in formulations containing fatty acid (e.g., oleic
acid) and surfactant43. Fatty acids are synthesised into triglycerides prior to incorporation into intestinal lymph lipoproteins and this requires
the source of components to form the glycerol backbone of triglyceride (ie 2-monoglyceride or glycerol-3-phosphate). This suggests that
administration of fatty acids in the absence of a glycerol source may lead to reduced lymphatic transport. Administration of fatty acid, however,
enables the direct calculation of the contribution of the exogenous administered fatty acid and endogenous lipids to lymphatic lipid and drug
transport43. Additionally, 2-monoglyceride is expensive and generally unstable as it readily isomerises to 1-monoglyceride which is digested to
glycerol in the intestinal lumen. In the studies reported here we further demonstrate that lymphatic lipid and drug transport is equivalent following
administration of the model drug halofantrine with a fatty acid (e.g., oleic acid) and surfactant (bile salt) formulation in either the presence or
absence of the glycerol source 2-monoolein (Table 1). Endogenous sources of glycerol thus appear sufficient to support equivalent lymph flow
and lipid and drug transport following administration of this model drug with fatty acids (e.g., oleic acid) in the absence of a glycerol source. This
provides confidence that representative lymphatic transport data can be obtained with simple fatty acid formulations.
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The anaesthetised model is readily extended to a conscious model when required. In the conscious models formulations can be gavaged directly
into the stomach or infused into the duodenum or intravenously, direct comparisons can be made to pharmacokinetic studies conducted in non-
lymph cannulated conscious animals and results may be considered more physiologically relevant. The longer time period allowed in conscious
animals also has the advantage of allowing the collection of more complete pharmacokinetic profiles for drug concentrations in blood, whereas in
anaesthetised experiments, blood profiles are often incomplete, especially for long half life drugs. As described above, however, the success rate
for conscious lymph cannulated studies is lower and experiments take longer to complete. There are two types of conscious lymph cannulation
models described in the literature. In conscious restrained models15, following the lymph cannulation surgery, the animal is simply turned onto its
front and placed in an appropriate restraint for the remainder of the experiment with the lymph cannula externalised and inserted into a collection
tube. The animal is then allowed to regain consciousness and recover from the surgical procedure O/N. The success rate with this model is
very good in the hands of experienced operators but it can be difficult to obtain ethics clearance to restrain animals for the prolonged period of
time required for lymph collection. An alternate model is where lymph is collected from conscious and freely moving rats. This model has been
detailed previously25. In this model long cannulas are inserted into the mesenteric lymph duct, duodenum and carotid artery. The cannulas are
then tunnelled below the skin, exteriorized at the back of the neck and placed through a swivel system. The rat is placed in a harness attached
to the swivel and allowed to regain consciousness and to recover from the surgical procedure O/N. The animal has free movement within a
metabolic cage and lymph and blood samples can be collected from the cannulas externalised outside the cage.

Mesenteric lymph cannulation remains the only tool which enables the direct evaluation of lymph components in their nascent state. Lymph
cannulation is most often described in rats as the surgery is less complex than smaller and large animals, the model less expensive than large
animals and results appear reasonably comparable across species27. The rat model can be modified according to experimental need and the
success rate is high in the hands of experienced operators. The model can also be coupled with other in vitro or in vivo studies to examine,
in detail, the metabolism or function of intestinal lymph components. Once established the mesenteric lymph cannulated rat model is thus a
powerful tool to evaluate the concentration, transport, function and metabolism of various parameters that pass directly from the intestine to the
lymphatic system (and in many cases flow eventually to the systemic circulation).
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